Abstract. By a high-temperature Couette type viscometer, we studied the thixotropic behavior of the semi-solid AZ91D magnesium alloy slurry. According to different variable conditions, we could measure the change of the shear stress. The results showed that the shear stress of semi-solid AZ91D magnesium alloy slurry increased at starting shearing, and the shear stress fell down at the maintained shear rate shearing. In our experiment data, we found that the semi-solid AZ91D magnesium alloy slurry had the behavior of shear thinning fluid. As the maximum shear rate increased, the measured shear stress increased at a dissimilar level. When the rising time was shorter, the increasing range of shear stress was larger. As the shearing time of the maintained shear rate increased, the falling down degree of the shear stress increased and it can be presented as a function of shearing time, such as: . At the same shear rate, the area of hysteresis loop was bigger and the thixotropic behavior was more obvious.
Introduction
With the development of science and technology, the manufacturing technology of metal production has evolved from traditional casting to thixomolding and rheomolding. Magnesium alloys have been applied to many products, especially for the shells of 3C products, because magnesium alloys have the superior property of small density, great heat dissipation, high specific strength and specific rigidity, shock absorbing and machinability. During the manufacturing process with magnesium alloy, the more semi-solid forming technologies have been developed [1, 2] . In order to increase the production yield and produce excellent products, controlling the parameters at the semi-solid state region is more important. The rheological and thixotropic behaviors of semi-solid magnesium alloy are the basic natures. The rheological research has been studied using many alloys, but the thixotropic research of semi-solid metal is restricted on Sn-Pb and Al-Si alloys [3, 4] and the thixotropic results of magnesium alloy have been investigated by Mao et al. [5] . The thixotropic behavior in their paper was only discussed regarding the influence of the rest time and increasing shear rate before the steady-state viscosity was achieved, but the hysteresis loop has not been discussed. Joly and Mehrabian [6] had investigated the effect of temperature, time parameter and shear rate on the rheological behavior for semi-solid Sn-Pb alloy. The shear stress curves for shear rate rising to the selected value and decreasing from the selected value were not matched together and composed a circle which was called the hysteresis loop. Thixotropic property was defined as that the viscosity or shear stress decreases with time under shearing. Therefore, this phenomenon agreed with the thixotropic fluid in time-dependent fluid. In their study, the shearing time of maintained shear rate was not described clearly and its effect was not seen in their research. In our study, we designed a detailed experiment procedure for the magnesium AZ91D alloy to investigate its thixotropic behavior and shearing time effect.
Experimental set-up and procedures
The magnesium alloy AZ91D, commonly used in the Thixomolding TM process, was chosen for this study. The chemical composition of the AZ91D magnesium alloy is listed in Table 1 . Based on the reports of Ghosh et al. [7] , the liquid-state temperature of the magnesium alloy AZ91D is 594.5 0 C. Referring to the binary Mg-Al phase diagram [8] , the magnesium and aluminum contents were selected to be 89.7 and 10.3 %. Then the Scheil equation or lever rule was used to calculate the volume solid fraction at different temperatures. Many researchers have used various techniques to investigate the rheology of semi-solid metals. Rotational viscometers have largely been used in such studies [9, 10] . The main advantages of rotational viscometric procedures for semi-solid rheological measurement are that samples can be tested with a large variational shear rate. The Couette type viscometer developed by Mao et al. [11] was modified for the present thixotropic experiments and the schematic diagram is shown in Fig. 1 . The Couette type viscometer consists of a tube furnace, a crucible, a high sensitivity load cell, a data acquisition system and D.C. motors. The graphite bob with smooth surface was located coaxially with the stirring graphite cup. (
where T is the torque experienced by the stirring cup, and H is the length of the bob beneath the fluid surface. The shear rate distribution through the gap is 
where r i is the radius of the bob, r o the radius of the cup, r is a radius in the gap region for which the shear rate is calculated, and Ω is the angular speed of the cup. To investigate the thixotropic behavior and shearing time effect on AZ91D magnesium alloy, the procedure in Fig. 2 employed by Joly and Mehrabian [6] was slightly modified to generate a hysteresis loop; three independent variables were controlled (maximum shear rate ( max γ& ), rising time (t u ) and shearing time of maintained shear rate (t m )). At first, the initial shear rate ( 0 γ& ) was maintained until a steady torque was achieved in order to make sure that the internal condition was the same. Then, we followed the designed procedures to study the effects by selected parameter.
Results and discussions
Maximum shear rate. In this test, the maximum shear rate has been changed for various values. The shear rates ( max γ& ) were selected to be 179.5, 359.1 and 598.4 (1/s), and the solid fraction for the tested material is 0.38. The experimental results are shown in Fig. 3 . The results displayed that the maximum shear rate is higher, the shear stress is larger, the area of hysteresis loop is bigger and the rising curve for the shear stress versus the shear rate became more and more gradual. This is because the structure has changed from large scale particles to small size particles by the increase of stirring effect for higher shear rate. When the maintained shear rate was acted, the shear stress reduced to a low value. Referring to the previous studies [3, 13, 14] , the stirring process will destroy the dendritic structure to rosette structure, then gradually ripen to the spheroidal structure if the shear rate increases. Based on this fundamental, the shear stress varied with different shear rate. The tendency conformed to the research by Joly and Mehrabian [6] , but the curve of maintained shear rate was not the same. This might be that the effect of the shearing time during maintained shear rate is emphasized in our study.
Rising time. In Fig. 4 , it presented the results that the rising times (t u ) are 5 and 10 seconds, the maximum shear rate is 418.9 (1/s) and the solid fraction is 0.35. The results showed that the shear stress and area of hysteresis loop for short rising time is larger than the shear stress for long rising time. This phenomenon was consistent with the tendency of Joly and Mehrabian's results [6] . According to the research [15] , increasing shear time will sphere the dendritic fragment into a spheroid. In the short rising time, the particle had no enough time to develop to a small spheroidal structure. On the contrary, the dendritic particle would be sphered smaller during the long rising time. From the foundation of the theory, the experimental results can be comprehended. Shearing time of maintained shear rate. In this experiment, the parameter for shearing time of maintained shear rate (t m ) was changed for several values. Fig. 5 showed the results that the shearing time of maintained shear rate (t m ) is 0, 10, 20, 30, 40 and 50 seconds, the maximum shear rate is 299.2 (1/s) and the solid fraction is 0.43. Referring to the procedure, the shear stress curves when the shear rate is rising should be the same. Obviously, there exists a difference among the curves. This may be due to the experiment error from the uncertainty of the internal structure. When the maintained shear rate was working, the shear stress decreased as the shearing time increased. This agreed with the thixotropic property and was not found by Joly and Mehrabian [6] . We defined τ min corresponding to the minimum shear stress at the end of the maintained shear rate working and then the reducing ratio is defined as follows: 
τ min,t is the shear stress for shearing time t. Fig. 6 showed the shear stress and the reducing ratio versus the shearing time, respectively. The shear stress decreased and the reducing ratio increased as with the shearing time increased. This result was consistent with the definition of thixotropic behavior. When the particle ripened from dendritic to spheroidal, the size was harder to decrease unless the particle was sheared over a longer time [15] . So the variation of shear stress and reducing ratio was smaller and smaller as the shearing time increased, but the shearing time had a 
Conclusions
The thixotropic behavior of the semi-solid magnesium AZ91D alloy was investigated by using an isothermal Couette type viscometer. According to the experimental results, the main conclusions are described as in the following three points. (1)As the maximum shear rate increases, the shear stress shows a larger degree of decreasing and the area of hysteresis loop is larger. (2)The shear stress decreases as the rising time (t u ) increases at the same temperature. (3)The minimum shear stress decreases as the shearing time of maintained shear rate (t m ) increases at the same solid fraction. Based on the experimental data, the relation between minimum shear stress and shear time at solid fraction 0.43 is fitted by the regression method, such as: . The front two points were consistent with the research on Sn-Pb alloy [6] .
